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Of primary importance among the several environmental factors which
influence the production and maintenance of turf are seasonal variations
in temperature, amount and intensity of sunlight, and cutting and fertiliz-
ing practices. It has long been observed that bluegrass grows best during
the cooler seasons, although the reasons for such behavior have never been
fully understood.

When bluegrass is cut short and heavily watered or fertilized, especially
during the hot summer months, undesirable results follow. The turf thins
out, the production of new leaves ceases, and during the cooler, wetter
period of fall large numbers of the plants fail to recover. In attempts to
maintain a vigorous green growth, nitrogenous fertilizers are often added to
such turf when actually such an addition may be harmful instead of benefi-
cial, especially during the hot weather of summer.

With a view to determining a possible cause for the widely differing
results often obtained from apparently similar practice, the following ex-
periments were conducted in sand culture. All cultures were obtained
from the vegetative propagation of one original bluegrass plant. More
particularly the experiments dealt with: (a) the effect of cutting to 0.5
inch, 1 inch, and 2 inches, plants which were supplied either with a solution
high in ammonium nitrogen and low in nitrate nitrogen, or one high in
nitrate and low in ammonium nitrogen; (b) the type of growth produced
at different seasons of the year and the effect upon such growth of varying
degrees and times of defoliation; (c) the effect of cutting plants grown
with a continuous nitrogen supply as contrasted with some which had had
no nitrogen during a period beginning 6 weeks prior to the initial cutting
and extending to the close of the experiment; (d) the type of recovery
growth produced when cultures were cut back to 1 inch in height every
ten days, at 600, 80°, and 1000 F., with and without a nitrogenous fertilizer.
The experiments were conducted in the University of Chicago greenhouse,
from the fall of 1930 to the fall of 1932.

Several recent papers contain literature reviews of some length on much
the same subjects as taken up here. GRABER, NELSON, LUEKEL, and ALBERT
(2), PIERRE and BERTRAM (7), LUEKEL and COLEMAN (6), and GRABER (1)
have published recent papers on the food reserves of grasses in relation to

1Contribution from the Hull Botanical Laboratory, the University of Chicago, under
a fellowship granted by the United States Golf Association, Green Section.
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growth. HARRISON (3) has published a recent paper on the effect of cut-
ting on grass development. KRAUS and KRAYBILL (5) and THOMAS (9)
have fully covered the present literature on carbohydrate-nitrogen rela-
tionships.

Experimental data

EXPERIMENT I
EFFECTS OF CONTINUED CUTTING AND FERTILIZING.-An individual Ken-

tucky bluegrass plant (Poa pratensis) was propagated vegetatively, split up
into 4-gm. segments and planted one segment each in 2-gallon glazed pots
containing white quartz sand, free of fertilizers. The plants were started
April 1, 1931, and supplied with a four-salt nutrient solution, selected from
the ammonium sulphate series of JONES and SHIVE (4) made up of calcium
nitrate, potassium phosphate, magnesium sulphate, and ammonium sulphate
in distilled water. This was supplied by the constant drip method similar
to that used by ROBBINS (8), one half of the cultures receiving a solution
high in nitrate and low in ammonium nitrogen (T3R105) and the other half
receiving a solution high in ammonium and low in nitrate nitrogen
(T3R50C1). The pH of the solution high in nitrate was approximately 4.5,
while that of the solution high in ammonium was 4.8. The cultures were
grown without disturbance until September 22, when five pots of each set
(ammonium high and nitrate high) were taken down and the sand washed
from the roots. Figure 1 gives an idea of the different types of growth of

FIG. 1. Cultures on the left were grown in the solution high in nitrate and low in
ammonium nitrogen, while those on the right were grown in the solution high in am-
monium nitrogen and low in nitrate nitrogen. Note the habit of growth and the far
greater number of rhizomes at the left.
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the two sets. Table I gives the weights of the plant parts in grams after
drying.

TABLE I
DRY WEIGHT OF PLANTS SUPPLIED WITH HIGH NITRATE AND HIGH AMMONIUM SOLUTION

TYPE, OF
CULTURE NUMBER

SOLUTION 1 2 3 4 5 AV.

gmn. gin. gm. gin. gin. gm.
H Roots 9.5 9.1 9.5 8.5 5.2 8.3

High
nitrate-low Tops 44.5 41.2 39.0 32.5 23.5 36.1
ammonium

Rhizomes 4.3 4.1 5.7 5.0 4.0 4.6

High Roots 7.5 7.3 6.5 3.7 3.5 6.3
ammIfoflum-lmmowium- 1 Tops 42.5 38.0 30.5 19.0 16.5 29.3

nitrate Rhizomes 2.5 2.2 1.8 0.7 1.0 1.6

The plants receiving the solution high in ammonium and low in nitrate
nitrogen had leaves 15 to 22 inches long, which lay flat or drooped over the
sides of the pots and were very dark green; those supplied with the solution
high in nitrate and low in ammonium nitrogen had leaves 8 to 12 inches
long, which were lighter green in color and stood upright in the pots.
There were from 300 to 500 rhizomes in the cultures supplied with the high
nitrate solution, as compared with 50 to 150 in the cultures supplied with
the high ammonium solution. The former were short and thick and con-
siderably branched as compared with the latter, which were long, thin, and
unbranched.

On the same date (September 22) the leaves of five cultures of each
series (high NH4 and high NO3) were cut to 0.5, 1, and 2 inches respec-
tively. The clippings from this initial cutting were dried and weighed.
One week later the grass was again clipped back to the same heights. It
was noticed that the shorter the cutting height the shorter was the new
growth made after cutting. In both sets the grass cut to 0.5 inch grew
approximately 4 inches, that cut to 1 inch grew 5 inches, and that cut to
2 inches grew 6 inches. The measurements were taken above the point of
the original cutting in each case. After the second cutting, during a period
of high greenhouse temperatures, it was observed that the grass recovered
more slowly than usual. The new leaf growth would extend upward from
1 to 3 inches and then die back from the tips of the blades. It was much
more noticeable in the plants supplied with ammonium nitrogen than in
those supplied with the high nitrate solution. A considerable number of
the above-ground buds soon failed to produce additional new leaves or to
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extend those which had been cut, and upon examination they were found
to be dead. Most of the plants which died soonest were in the center of
the culture, which was the oldest portion. The plants started growth from
the segment which was the original planting and new -rhizomes extended
laterally from this segment. These new rhizomes were younger than the
stem from which they originated, and none of their potential leaves had
extended upward. Consequently when cutting was begun, a larger pro-
portion of the leaf area of the older. portion of the plant was removed than
was true in the case of the rhizomes which had just pushed above the sur-
face of the soil or were as yet buried beneath it. The number of leaves
that a given bud will produce is fixed at an early stage in its growth. The
leaves in the older buds had practically all unfolded and matured, whereas
in the younger rhizomes the leaves had either just begun to unfold from the
bud or as yet remained underground.

The underground parts were examined to determine what was taking
place under the conditions of- frequent cutting, high fertilization, and high
temperatures. The cultures supplied with nitrate had- from 300 to 500
growing rhizome tips- on September 22 before cutting was begun, and the
ones supplied ammonium nitrogen had from 50 to 150. These were all
below the soil line, extending vegetatively, and producing scale leaves. On
examination October 1;5, after the two subsequent cuttings in September,
it was found that every rhizome tip 'below the soil line, in eit-her fertilized
set and at all three cutting heights, was dead. The terminal buds of the
underground rhizomes were brown and beginning to decay. The death of
the tissue back from the tip depended somewhat upon the amount of green
leaf tissue remaining after cutting; the more of the green tissue removed,
the greater the degree of killing of the rhizome when measured back from
the terminal point. The terminal bud died first and then successively the
buds at the nodes back from the tip. In most cases the entire rhizome
became brown and decayed. The roots on these rhizomes died and in some
cultures as much as 90 per cent. of the portion above ground was killed.
The younger stems toward the periphery of the culture survived. Any
rhizome that had recently emerged above the soil line and was actively
producing vegetative leaves also survived. As soon as these rhizomes be-
came above-ground stems, they, produced green vegetative leaves only.
These new leaves were green even below the point of shortest cutting, and
probably they manufactured sufficient carbohydrates to maintain the new
rhizome. The older stems had a considerable number of dry leaf sheaths
at their bases, however, each new leaf produced having to extend through
these dead leaves before emerging into the light. Consequently at each
cutting all of the green leaf tissue produced during the period since the
previous cutting was removed. Figure 2 shows how the check plants and
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P. 1

FIG. 2. Above: effects of cutting treatments on bluegrass plants. Plants A and C
are uncut controls; plants B and D were cut down to 0.5 inch twice, the cuttings one
week apart. The new growth apparent on B and D is that which has appeared since the
last cutting 20 days previous. All the cultures were grown in sand and supplied with a
nutrient solution: A and B received a solution high in nitrate and low in ammonium
nitrogen, while C and D received a solution high in ammonium and low in nitrate
nitrogen.

Below: at the left, rhizomes from an uncut control; at the right, rhizomes from
plants cut back to 0.5 inch in height twice, the cuttings one week apart. Photographed
20 days after second cutting.

some that were cut twice appeared on October 20, approximately one month
after the initial cutting. The rhizomes are enlarged about two times in
figure 2. It will be noted that the rhizomes from the culture not cut are
white and plump with sharp terminal points, whereas those taken from the
culture that had been clipped short twice are dark and shriveled.
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EXPERIMENT II

GROWTH OF BLUEGRASS PLANTS AT DIFFERENT SEASONS.-The bluegrass
plant, when started from a vegetative segment without rhizomes, began new
growth by tiller-like buds in the axils of the leaves. These buds were green
on emergence and grew upright almost from the start. They produced a
few green scale leaves at the base but most of the leaves were large. After
this initial start, short stolons which grew 1 or 2 inches from the crown of
the plant before they turned upward were produced. These produced more
scale leaves than the first tiller-like buds, and roots arose near the nodes.
Later short rhizomes were produced. These gave rise to scale leaves under-
ground, but upon emergence from the sand, a short way from the crown,
developed vegetative leaves. This process eontinued until the pot was full
of upright stems. Then, when the days were long and bright, the active
production of above-ground stems was somewhat retarded and there were
produced below the soil line large numbers of rhizomes which did not
emerge so long as the top of the plant was not cut back, or so long as the
days remained long and bright.

These rhizomes produced scale leaves only, and grew in length, often
around the inside of the pot and sometimes down to the bottom. In late
fall and early winter, as the sunlight diminished with day length and
through interspersed dark cloudy periods, few new rhizomes were produced
by grass that was continually supplied with nitrogenous salts. The rhi-
zomes which were produced below the soil level during the summer and
early fall, and which produced scale leaves only, gradually turned upward
at the growing point, and vegetative leaves instead 'of additional scale
leaves were produced; the new leaves turned yellowish green and emerged
above 'the soil line. The development and emergence of these rhizomes
continued until there were no growing tips below the soil line. On plants
which were heavily fertilized with nitrogenous materials, during the dark
winter period, a considerable number of these rhizomes as well as roots
died, probably because of a deficit of carbohydrates, either as stored sub-
stance or because of the inability of the plant to manufacture them in
quantity during the short cloudy days. During this period no new roots
nor rhizomes were produced to take the place of those which died.

Following the emergence of the underground rhizomes, growth was
initiated in the buds'in the axils of the leaves above ground, and many short
tiller-like branches were produced, much the same as when the plants
started growth from the original plant segment. In other words, the 300
to 500 rhizomes that were produced below the soil line during summer and
early fall, when the days were long and sunny, gradually emerged as the
amount and intensity of light decreased, and' the production of scale leaves

88



HARRISON: RESPONSES OF BLLUEGRASS

by these rhizomes ceased and vegetative leaves were produced. On the
other hand, plants that were supplied with a minus-nitrogen nutrient solu-
tion after November 10 had produced a considerable number of new rhi-
zomes by February 1. These increased somewhat in diameter and remained
below the soil line. The tops of these plants, when the days were short and
cloudy, turned yellow and grew little if any, while the root system grew
deeper and more extensive. It appeared that nitrogen added at a time
when the days were short and cloudy was necessary to cause emergence
above the surface of the soil of rhizomes which were produced during a
period of long sunny days; and that the cultures which received no nitro-
gen, but which were exposed to the same short cloudy days, actually con-
tinued to develop their root systems and to produce new rhizomes, with a
cessation of active extension of the top. There was some death of rhizomes
and roots in the cultures which were supplied continuously with nitrogenous
materials. The plants supplied the minus-nitrogen solution appeared to be
at a standstill both below as well as above ground, after about eight months
of the treatment; and as the days became long and bright nitrogen probably
became the limiting factor in growth. On the other hand, lack of sufficient
light for carbohydrate synthesis in plants heavily fertilized with nitrogen
probably was the limiting factor during the winter months. The difference
in growth response exhibited by plants grown with and- without nitrogen
during the winter months is of considerable interest. The cutting factor
was then introduced to see what added effect it would have on the behavior
of the plants. It was found that the. cutting of a plant grown under winter
light conditions and supplied with nitrogen was much more disastrous than
cutting one that had had no nitrogen but which had had additional light
artificially added for 14 hours per day after November 10. The plants
were cut back to approximately 1 inch. Table II shows how the production
of top growth compared.

TABLE II
WEIGHTS OF THE CLIPPINGS PRODUCED BY TWO DIFFERENT CULTURES, ONE HAVING ADDED

NITROGEN AND GREENHOUSE LIGHT ONLY, AND THE OTHER HAVING
ADDED ARTIFICIAL LIGHT BUT NO ADDED NITROGEN

DECEMBER 15 DECEMBER 23 JANUARY 6
CULTURAL
CONDITIONS INITIAL OUT

GREEN WEIGHT DRY WEIGHT DRY WEIGHT DRY WEIGHT

gm. gm. gm. gm.
- N, + added artificial

light ................. 173 46.7 2.8 1.4

+ N, greenhouse light
only ................. 176 42.0 1.3 0.3
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The culture grown with nitrogen and greenhouse light only was about
90 per cent. dead at the end of the three cuttings. When cutting was begun
it had only a very few slender rhizomes. Of these, first the tips and finally
the whole rhizomes died. When tips were cut from these rhizomes none of
the buds near the nodes back from the cut end started growth, and in most
cases the entire rhizome died. A considerable number of roots also died.
Ten days after the last of the three cuttings, when the plant was lifted from
the pot, only 3 or 4 inches of sand adhered to the roots. At the beginning
of the test, all the sand in the 10-inch pots came out as a compact mass,
held together by many fine roots.

In contrast to the culture receiving added nitrogen and natural light
only, that grown without nitrogen and with added artificial light was
growing vigorously after the last of three cuttings. The new growth pro-
duced, after cutting off the old yellow leaves, was dark green and became
more succulent with each cutting. The large number of stocky rhizomes
below the soil line, present when cutting was begun, stopped producing
scale leaves and grew vegetative leaves which turned upward and finally
emerged above the soil line. When tips were cut from the rhizomes in this
culture, buds near the nodes back from the cut end started to grow. The
first bud from the cut end elongated about 0.5 inch before dying; the sec-
ond, about 1 inch; but the third one elongated sufficiently to emerge above
the soil line, produce vegetative leaves, and survive. At the end of the test
the roots permeated the soil mass of the entire pot, making it possible to
empty the pot by lifting the plant out.

As a result of giving artificial light during the winter and withholding
the supply of nitrogen, the plants if left uncut turned yellow, the leaves
became stiff and upright, and very few new stems were produced above
ground while a considerable number .were produced as rhizomes below the
soil line. When given added artificial light in the winter and a continuous
nitrogen supply, the plants remained succulent and green, the axillary buds
elongated above ground, produced green leaves, and there was very little if
any production of underground stems. As soon as the days became longer
and brighter, in March and April, the plants supplied with nitrogen pro-
duced not only a greater amount of top growth than those receiving no
nitrogen but also more new roots and rhizomes.

Plants that were left to grow for a period without cutting with a con-
tinuous nitrogen supply and then cut back short appeared to undergo a
reduction in the amount of underground parts, namely, the roots and
rhizomes. There seemed to be a balancing of the underground portion in
relation to the amount of top remaining. Then, if cutting was suspended,
these plants began to produce new top growth, rhizomes, and roots much
sooner than a plant that was left uncut; and in two months of long, sunny
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FIG. 3. Below: on the left a culture which had no nitrogen added in the nutrient
solution but which had additional light after November 10 as compared with the one
on the right which had a continual supply of nitrogen but no additional light. Photo-
graphed December 15; previous treatment identical.

Above: the same cultures 2 weeks after the last of three cuttings on December 15,
28, and January 6. Plants were cut back to approximately 1 inch.

days with cool temperatures the plants which had been cut and those left
uncut appeared almost identical.

In order to note the amount of growth made by grass at different times
of the year, cutting was continued on several of the cultures that were cut
for the first time on September 22. Some were supplied with nitrogen con-
tinuously and some were given a solution containing no nitrogen. Table
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III shows the weights of the clippings removed from these cultures at dif-
ferent times during a period of approximately nine months. The data in-
dicate that the addition of nitrogen when the days were short and cloudy
had little effect on the amount of new top growth produced.

EXPERIMENT III
EFFECT OF CUTTING PLANTS WITH AND WITHOUT AN ADDED NITROGEN SUP-

PLY DURING THE SUMMER MONTHS.-The effects of cutting two cultures with
different treatments, one grown with a continuous supply of nitrogen and
the other supplied a nutrient solution without nitrogen, during the winter
months characterized by short, cool, cloudy days, have been detailed. Tests
were then made on plants during summer conditions of long sunny days
with high temperatures. The plants were started on November 11, 1931,
from 6-gm. segments of the same original plant used in all the previous
experiments. They were supplied with a complete nutrient solution con-
taining nitrogen in the nitrate form only. On April 21, the sand in eight
cultures was washed free of nitrates and then supplied with a minus-
nitrogen solution by substituting calcium chloride for calcium nitrate. The
regular complete solution containing nitrate was continued on eight other
cultures.

It took approximately six weeks for the accumulated nitrates in the
leaves of the plants, now receiving no nitrogen, to disappear. On June 20,
two months after the minus-nitrogen treatment was started, three cultures
which had been receiving nitrogen and three which had received no nitrogen
were dug up, the sand washed from the roots, and the plants separated into
roots, rhizomes, and tops. The dry weights of the plant parts are shown
in table IV. The three plants were used to serve as checks one upon the
other.

TABLE IV
DRY WEIGHT OF ROOTS, TOPS, AND RHIZOMES FROM PLANTS GROWN WITH AND WITHOUT

NITROGEN

CULTUREAL CONDITIONS No. ROOTS ToPs RHIZOMES TOTALS

g9n. gm. gm. gm.
Plants grown without F 1 16.3 41.7 20.6 78.6

nitrogen for two 2 16.4 38.5 21.0 75.9
months ......... ..3 20.1 46.5 27.6 94.2

Plants grown with F 1 13.7 59.5 15.0 88.2
nitrogen continu- 2 14.0 64.7 13.2 91.9
ously ..3 11.8 53.2 11.7 76.7

The average dry weight of an entire plant in the minus-nitrogen set
was 82.9 gm., while that in the plus-nitrogen set was 85.6 gm. The dif-
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ference in dry weight between the whole plants in the two treatments was
very small, but the relative amounts of the different parts of the plants,
roots, tops, and rhizomes, showed considerable variation. The usual pre-
ponderance of tops to roots in the cultures supplied continuously with
nitrogen is shown.

On June 21, the remaining five of each set were cut back to 0.75 inch
above the level of the sand in the pot. The cutting was continued once
each week thereafter, the clippings collected, and the green and dry weights
recorded. Table V shows the weights of clippings removed.

TABLE V

GREEN AND DRY WEIGHTS OF CLIPPINGS REMOVED FROM CULTURES WITH AND

JUNE 21 JUNE 30 JULY 7 JULY 14 JULY 21 JUL

CONDITIONS |NO. |4B B4 EI . EI EIEBB 4EBI4I4

O
7

a
0-1tn trt& i 6 &4 6a; &

gm. gm. gm. gm. gn. gin. gin. gin. gin. gin1. gm.
1 240 62.8 12.4 1.6 7.8 1.2 2.5 0.6 1.1 0.3 0.5

Cultures receiving 2 192 49.2 10.1 1.5 5.8 0.9 2.6 0.6 2.8 0.8 1.3
continuous nitro- 3 245 65.5 10.0 1.5 6.6 1.0 3.0 0.8 2.8 0.8 1.0
gen supply ............ 4 235 61.4 10.6 1.6 8.6 1.4 2.8 0.7 1.9 0.6 1.4

5 242 63.5 7.5 0.9 5.3 0.9 2.7 0.7 1.2 0.4 0.7

1 121 38.2 5.1 0.7 3.2 0.6 2.9 0.9 1.5 0.5 0.9
Cultures grown 2 165 48.1 6.1 0.9 3.7 0.7 2.5 0.8 2.2 0.7 1.4
without nitrogen 3 153 47.7 5.1 0.7 3.5 0.6 1.6 0.5 2.4 0.7 1.4
since April 21 4 151 42.9 4.6 0.6 3.8 0.7 1.4 0.4 1.9 0.6 1.1

_ 5 173 53.9 5.5 0.8 4.5 0.8 1.8 0.5 3.9 1.1 2.0

It will be noted from table V that the cultures which received a contin-
uous nitrogen supply produced considerably more tops, removed in the in-
itial cutting, than those supplied with a minus-nitrogen solution. Also the
clippings removed from these cultures each week, for the first three weeks
after the initial cut, were greater in weight than the clippings from those
receiving no nitrogen. On the average, however, those removed at the
fourth cutting were greater in weight from the cultures receiving no nitro-
gen than from those which had had a continuous supply. For the follow-
ing nine weeks this same balance in favor of the cultures receiving
no nitrogen held true. The cultures supplied with nitrogen exhibited a

very weak growth which was pale green in color. Those which had been
growing without nitrogen started very slowly the first week after the initial
cutting. They grew about 1.5 inches while the cultures supplied continu-
ously with nitrogen grew 4 inches. The cultures without nitrogen changed
in color from a yellowish green at the start of the test to a dark green which
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was maintained unatil the close of the experiment. A conisiderable number
of new stems appeared above ground in these cultures, while in those sup-
plied nitrogen no new stem tips were visible.
A study of the underground parts of the cultures on June 30 showed

no difference between the two sets of cultures; but on July 7, approximately
two weeks after the initial cutting, a large number of the rhizome tips in
the cultures supplied continuously with nitrogen were dead. In the cul-
tures supplied with the solution containing no nitrogen there were no dead
rhizome tips observable, but the growing points of the rhizomes were turn-

TABLE V

CONTINUOUS NITROGEN SUPPLY DURING THE SPRING AND SUMMER MONTHS

SEPTEMBER SEPTEMBER SEPTEMBER SEPTEMBERTST 4 AUGUST 14 AUGUST 21 AUGUST28 4 12 20 27

E- E- E-4 E4 E E4 e4
E E4 E4 F4 E4 E4 E4 F

gmi. gin. gmi. gn. gm. gm. gm. gmi. gm. g. gm. gm. gm. gi. gm.
0.1 0.3 0.1 0.2 0.5 0.2 0.05 Dead
0.5 2.1 0.6 1.6 0.4 1.7 0.4 0.8 0.2 1.1 0.2 1.1 0.3 0.8 0.2
0.3 1.2 0.3 1.0 0.2 1.0 0.2 0.7 0.2 1.2 0.2 1.2 0.3 1.2 0.3
0.3 1.1 0.3 0.8 0.15 0.7 0.15 0.2 0.05 0.7 0.15 0.2 0.05 0.2 0.05
0.1 0.3 0.1 0.3 0.05 0.2 0.05 0.1 Dead

0.5 2.1 0.7 1.7 0.5 1.7 0.4 1.1 0.4 2.4 0.5 2.2 0.6 1.4 0.5
0.5 2.7 0.8 1.9 0.6 1.8 0.4 1.2 0.4 2.2 0.5 2.2 0.6 1.2 0.4
0.5 2.7 0.8 1.9 0.6 1.6 0.4 1.1 0.4 2.2 0.5 2.1 0.6 1.5 0.5
0.4 2.2 0.6 1.6 0.4 1.4 0.35 0.9 0.2 1.3 0.3 1.2 0.3 0.8 0.2
0.5 2.6 0.7 1.8 0.5 1.6 0.4 1.2 0.3 2.5 0.5 2.5 0.7 1.5 0.5

ing upward, and a few were producing, in place of scale leaves, yellowish
vegetative leaves which were emerging above the soil line. At no time did
any new rhizomes or stem tips appear above ground in the cultures sup-
plied continuously with nitrogen. On July 20, after four weekly cuttings
(that is, one month after the initial cuttings), all of the rhizome tips and
a considerable number of the whole rhizomes in the cultures supplied with
nitrogen were dead. No dead rhizomes were found in the cultures that
had had no nitrogen since April 21. A large number of the rhizomes in
these cultures had emerged above the soil line and were actively producing
vegetative leaves. Some of them branched somewhat underground, but on
August 15 practically all that were below ground at the start of the test
had emerged above the soil line. No dead stems were noticeable in these
cultures. At the same date, in the cultures which were supplied with
nitrogen continuously, practically all of the rhizomes had died before
emergence; likewise the roots attached to them and about 60 per cent. of
the above-ground stems present at the beg,inning of the test had died.
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The yield of top growth was also influenced by temperature. During
the week from July 21 to 28, characterized by bright days and high tem-
peratures, the yield decreased considerably in both sets of cultures when
compared with the previous week or the following one. The day tempera-
tures during most of the week reached a maximum of 1200 F. and the night
temperatures rarely-went as low as 800 F. The following week (July 28
to August 4) the day temperatures reached a maximum of 900 F. and the
night temperatures frequently went. as low as 650 F. The week from
August 27 to September 4 was also a very hot week and the yields were
approximately half of what they were for the following week, which was
cool.

On September 27 the experiment was discontinued. Two of the five
cultures which had had a continuous supply of nitrogen were completely
dead and a third was practically so. Of the two remaining, approximately
50 per cent. of the original top growth was dead. The individual plants
still remaining alive were very shallow-rooted. All the rhizomes in all five
cultures, together with the roots attached to them, were dead. On the other
hand, the cultures which had been grown since April 21 without nitrogen
had many small roots still present and alive. These cultures were begin-
ning to show a nitrogen deficit, as evidenced by yellowing of the leaves. A
considerable number of rhizome tips were still present below the soil line
and no dead tips were discernible.

.~ ~ - ',

pif1 II
FIG. 4. Top row shows the five cultures which had no external nitrogen supply after

April 21; bottom row shows the five cultures which had a continuous nitrogen supply.
It will be noted that the two end cultures on the bottom row are completely dead.

EXPERIMENT IV
EFFECT OF CUTTING AND FERTILIZING ON GRASS GROWTH AT DIFFER-

ENT TEMPERATURES.-It has long been recognized that Kentucky bluegrass
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makes a better growth in cool weather than in hot. What effect would cut-
ting at different temperatures have on the recovery growth of the grass?
Will it grow faster at high temperatures than at low? How will rhizomes
react to the different temperatures?

In order to answer these questions, some cultures which had been started
on January 7 from 6-gm. segments were placed, on July 15, in constant
temperature glass cases. All these cultures had received a complete nutri-
ent solution, containing nitrogen in the nitrate form only, until May 30,
after which they were supplied with a minus-nitrogen solution. The con-
stant temperature cases were set at 600, 800, and 1000 F. respectively. The
temperatures in all of the cases varied slightly but never more than 3°.
The humidity of the air was adjusted so that the saturation deficit would
be approximately the same at all three temperatures. Eight cultures were
placed in each case: four were suppliedl with a complete nutrient solution
containing nitrogen in the nitrate form only, and four were supplied with
a minus-nitrogen solution. The plants were left at these temperatures
witlhout cutting for five days. All of the cultures at 1000 F. were begin-
niing to turn more yellowish at the end of this period, whereas those at 800
and 600 which had been supplied with nitrogen were turning a dark green.
No color change could be noted in the cultures receiving a minus-nitrogen
treatment at these temperatures.

On July 20 the grass was cut back to approximately 1 inch and the
weiahts of tops removed recorded. On July 24, nine days after the begin-
niing of the test, it was observed that the rhizomes were dying rapidly in
the cultures at 1000 F. They appeared to be dying faster in the cultures
supplied with nitrogen than in those not receiving nitrogen. No rhizomes
had died in any of the other four sets of cultures. The cultures subjected
to 1000 F. grew very little either with or without nitrogen. The grass was
again clipped back to the 1-inch height, ten days after the initial cutting

1'0' la

FIG. 5. Photograph taken July 27, showing the first week's recovery growth after
the initial cutting on July 20 of cultures grown at three different temperatures, with
and without nitrogen.
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and every ten days thereafter until the close of the experiment. The
weights of the tops removed from each culture are recorded in table VI.

The cultures at 1000 F. were discontinued August 31 as none of them
were growing and all of the original tops appeared dead with the exception
of two or three leaves in the minus-nitrogen set. The pots were left in the
greenhouse and watered daily. The temperature reached a minimum of
around 700 F. during the night, which was considerably cooler than the
temperature to which they had been previously exposed. On September 12
it was noted that a few spindling light green leaves were appearing around
the edges of all the cultures except one of the four which had been supplied
with nitrogen. Upon closer examination it was observed that this growth
was coming, from some of the dormant lateral buds on a very few of the
rhizomes, in no instance from the terminal bud._-I

FIG. 6. On the left two rhizomes which were completely dead. The next five show
the nature of the recovery growth from the rhizomes in the 1000 F. cultures. Note the
new growth back from the tip of the rhizome and the dead portion above it. Next to
these five is shown a rhizome which had just emerged above the soil line and was pro-
ducing vegetative leaves. The last two on the right show the appearance of the rhizomes
underground and producing only scale leaves.

At the end of the test the cultures were separated into living tops, dead
tops, roots, and rhizomes. No attempt was made to separate the dead
underground tissue from the living portions. Table VII shows the weights
of the different portions at the close of the test.
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FIG. 7. Photograph taken September 20 showing nature of the top growth pro-

duced during the last week of the test. Note the thickening up of the grass in the
cultures at 600 + N and the spindling growth in the cultures exposed to 1000 until August
31.

TABLE VII
DRY WEIGHT OF PLANT PARTS AT END OF TEST (AVERAGE OF FOUR CULTURES)

PARTS 1000-N 1000+N 800-N 800+N 600-N 600+N

gin. gm. gm. gm. gm. gm.
Roots.10.5 9.9 12.2 9.3 16.4 11.2

Rhizomes 6.1 7.0 7.4 7.7 12.9 9.2

Living tops 0.25 0.16 7.7 2.8 8.4 12.3

Dead tops 4.5 4.5 1.6 4.9 None None

Table VII shows that the roots and rhizomes in the cultures at 600
without nitrogen weighed far more at the conclusion of the4test than those
of any of the other cultures; also, that there were no dead; tops whereas
there were many at the other two temperatures. Obviously either high
temperatures or the addition of nitrogen may bring about a decrease in
the weight of the underground storage portions of the plant.

It will be observed from figure 5 and table VI that the grass made very

little recovery growth either with or without nitrogen at 1000 F. After
the second cutting these cultures did not produce any new top growth until
after the exposure to 1000 F. was discontinued. The tips of the rhizomes
were practically all dead in both sets and very little green top growth was

noticeable. At 800, the production of new leaves after cutting was very
rapid when nitrogen was added and much slower in the minus-nitrogen
treatment. The leaf blades in the cultures without nitrogen were short
and broad, while those receiving nitrogen were long and narrow. None
of the rhizomes present at the beginning of the test had begun to appear

1004 /o100
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in either set. On closer examination, it was observed that the tips of a
number of rhizomes were dying underground in the cultures receiving
nitrogen, whereas those supplied with a minus-nitrogen treatment were
turning upward and growing toward the surface of the sand. The weight
of the clippings removed after the first ten days from the cultures receiving
a minus-nitrogen treatment was approximately one-half of that removed
from the cultures receiving nitrogen. One month later the clippings
removed were approximately the same in both sets, with or without nitro-
gen. At 600, in the cultures supplied with nitrogen, the first observable
change was the emergence of a large number of rhizome tips, which were
underground at the beginning of the test. These had grown rapidly
upward through the sand and emerged into the light. Tiller-like buds at
the base of the leaves of the older above-ground stems were also beginning
to grow and produce vegetative leaves. The top growth of these cultures,
which consisted primarily of upright leaf blades, became considerably
denser, and although the grass did not grow so tall as it did at 800 with
nitrogen, the weight of the recovery growth was almost equal. One month
after the initial cutting, the figures show that the cultures supplied nitrogen
at 60° were producing approximately three times as much weight of tops
as the cultures receiving nitrogen at 800. This difference was largely due
to the increased number of new, above-ground stems in the cultures at 600
which were producing leaves. At 600, when the cultures were supplied
with nitrogen the rhizomes grew upward into the light, while at 800 they
died before emerging and no new tiller-like buds were produced by the
older above-ground stems. Much more green leaf tissue was left after
cutting in the case of the grass in the cultures at 60° supplied with nitrogen
than at 800, because these new stems were green on emergence and had
considerable leaf area left below the cutting point; whereas most of the
green tissue was removed from the cultures at 800. The cultures at 600
without nitrogen very slowly produced new top growth following cutting,
and upon closer examination it was noted that these plants were actively
producing new roots, a characteristic not observable in any of the other
sets of cultures. Even after the fourth successive cutting these cultures
were still producing new roots.

Summing up the general observations on the effects of the variations in
temperature, the following points can be noted: (1) at 600, minus nitrogen,
the top growth recovery following cutting was slow, none of the rhizomes
pushed out above the soil, and the cultures produced many new roots; (2)
at 60°, plus nitrogen, no new roots were produced but many of the rhizomes
below ground at the beginning of the test turned upward and pushed above
the soil line; (3) at 80°, minus nitrogen, no new roots were produced and
some of the rhizomes gradually appeared above ground; (4) at 800, plus
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nitrogen, no new roots were produced, no rhizomes appeared above ground,
and a large number of rhizomes and roots died; (5) as the number of
cuttings increased, the yield of tops between cutting periods in the cultures
receiving the treatment of minus-nitrogen at 80° was beginning to approxi-
mate the yield of those receiving nitrogen; (6) at 1000, in either set there
was very little new top growth and the rhizome tips and the roots practi-
cally all died.
A final consideration of the results of the various experiments, as set

forth in the foregoing tables and illustrations, brings out several character-
istic responses of Kentucky bluegrass to changes in temperature, amount
and intensity of light, variations in nitrogen supply, and cutting practices.

Tables II and III and figure 3 show that bluegrass did not grow the
same in winter when the days were short and cloudy as it did in summer
when the days were long and sunny. The plants produced the largest
amount of new tops, roots, and rhizomes during the spring and fall when
the temperatures were not excessively hot or cold, and the days were bright
and long. The plants, during the long, sunny days of spring, summer, and
fall, produced a large number of rhizomes if continuously fertilized with
nitrogen and left uncut; but as the short cloudy days of winter arrived,
these rhizomes turned upward and emerged into the light above the soil
line. If the nitrogen supply was discontinued during this period of short,
cloudy days, the rhizomes not only remained below the level of the ground
but became stockier and increased in number. Severe cutting of the tops
of a culture continuously supplied with nitrogen was much more disastrous
during this short cloudy period than during the period of long, bright days
of spring, early summer, and early fall. If the days were long and sunny
but characterized by excessively high temperatures, the cultures produced
less new growth between cuttings than they did when the temperatures
were lower.

On the other hand, close and frequent cutting of a plant that had been
growing for some time without an external supply of nitrogen and the
leaves of which had turned from green to yellow did not bring about the
death of any of the above-ground stems, roots, or rhizomes. This plant
had a large number of thick, tough rhizomes; the plants continuously sup-
plied with nitrogen and grown during the period of long sunny days had
fewer and more succulent rhizomes; whereas the cultures grown with a
continuous supply of nitrogen during the winter had none. The rhizomes
of the latter had either come up to the surface or died before emergence.
It seems evident that the rhizomes may store a supply of carbohydrates
which may be used by the plant during periods of short and frequent
clipping or during periods of dark, cloudy weather. When the plants were
kept extremely vegetative very few rhizomes were formed, and when in this
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condition, close and frequent defoliation resulted not only in lessened pro-
duction of new leaves but actually caused death of the stems above ground,
and of roots and rhizomes.

The plants which were grown in the winter period of dull, cloudy days,
and which received a continuous supply of nitrogen, had practically no
rhizomes and therefore had very little underground storage supply of car-
bohydrates. If the tops of these cultures were kept cut off continuously
the plants died very soon, while others without nitrogen and which had a
large number of thick, sturdy rhizomes continued to produce new top
growth; and none of the roots, rhizomes, or above-ground stems died during
the course of the experiment. As the cutting continued, the rhizomes of
the plant without nitrogen gradually turned upward, and emerged above
the soil line and produced mainly vegetative leaves. The amount of defo-
liation that a grass plant will survive is largely dependent upon the rate
at which the carbohydrates, stored in the underground portions of the
plant, are used up. When the plant is completely defoliated, the drain
upon the reserve carbohydrates is much more severe than it is when consid-
erable leaf area remains after cutting. When temperatures are between
700 and 900 F., and there are sufficient moisture and nutrients, the new
leaves produced grow quickly and rapidly. The constant removal of this
new growth soon brings about the death of these plants through carbohy-
drate starvation, whereas with constant cutting a plant with high carbo-
hydrate storage and without an external supply of nitrogen grows slowly
during the periods between cuttings, thus utilizing smaller amounts of the
stored carbohydrates and continuing growth over a longer period of time.
In the case of the vegetative plant, a large amount of top growth is removed
at each cutting; but such cutting can continue only over a short period of
time, after which the development of new leaves becomes slower and slower
until the plant in many cases actually dies. In contrast to the vegetative
plant, a small amount of top growth is removed from the non-vegetative
plant at each cutting, but the production of new leaves continues over a
much longer period of time.

These results as a whole indicate that fertilization of grass with nitrog-
enous fertilizers during periods of short and frequent cuttingf at high tem-
peratures does not result in an increase of growth but may even result in a
decrease. Several factors, such as short and frequent clipping, shade, short
cloudy days, nitrogen fertilizers, heavy watering, and high temperatures
tend toward the using up of such supply of stored carbohydrates as may
be available, and if carried to such an extreme that these carbohydrates
are completely utilized and are not made available through the activity of
additional leaf area, ultimate death of the plant may be brought about.
Short and frequent cutting and fertilizing with nitrogen may help consid-
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erably in the production of a denser turf provided the plants have a carbo-
hydrate reserve, or a ready means of its manufacture, and the weather
remains cool and bright.

Summary
1. The leaf blades of bluegrass cultures supplied with calcium nitrate

were shorter and more upright, the rhizomes were more numerous, stockier,
and more branched than was the case when the plants were supplied with
ammonium sulphate.

2. The rhizomes and a large proportion of the roots of vegetative cul-
tures were killed by short and frequent defoliations.

3. The plants exhibited a different type of growth at different seasons
of the year, when light conditions, nitrogen supply, and cutting practices
were varied. Rhizomes produced in cultures left uncut during the bright
cool days of spring, early summer, and early fall and continuously sup-
plied with nitrogen, gradually emerged into the light as the short cloudy
days of late fall and winter arrived. By limiting the nitrogen or increasing
the light, these rhizomes not only remained below the soil level but became
stockier and new ones were also produced.

4. It was possible to influence the amounts and relative proportions of
various plant parts by limiting the nitrogen supply. As the nitrogen sup-
ply was decreased, the relative amount of top growth diminished as the
roots and rhizomes increased.

5. Cutting back the leaves of non-vegetative plants supplied with a
minus-nitrogen nutrient solution, and which had a large quantity of stor-
age rhizomes, was less harmful during the hot summer months than was
short cutting of vegetative plants which received a continuous supply of
nitrogen and which had a much smaller quantity of storage rhizomes. It
was possible to kill plants that were continuously fertilized with nitrogen
by frequent defoliations.

6. Plants grew very little at 1000 F., after defoliating, with or without
nitrogen; and a large part of the established cultures died during six weeks
of such exposure. A few dormant buds on the rhizomes recovered after
the exposure was discontinued and the temperature lowered. In no case
was such recovery from a terminal bud on the rhizome but rather from a
bud several nodes back from the tip.

7. When cultures exposed to 800 F. and supplied with nitrogen were
periodically defoliated, new leaves were produced which grew rapidly.
This rapid growth exhausted the reserve supply of carbohydrates during
the first few periods; and as the defoliations were sufficiently frequent to
prevent a replenishing of the supply, the growth made between cuttings
became less and less. Finally these cultures were producing no more new
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growth between the periods of defoliation than were cultures exposed to
the same temperature but supplied with a minus-nitrogen solution. The
tips of the rhizomes in the cultures supplied with nitrogen died, while the
rhizomes in those receiving no nitrogen turned slowly upward and emerged
above the soil line.

8. At 600 F., when the cultures were supplied with nitrogen the new
leaves produced after a defoliation grew much more slowly than was the
case at 800 F., but soon practically all of the rhizomes present at the begin-
ning of the test had emerged above the soil line, and tillered profusely on
emergence; and these cultures, because of this different habit of growth,
were soon producing a much higher yield of new growth between defolia-
tions than were the cultures at 800 F.

9. At 600 F., without nitrogen, the response to close cutting was the
production of many new roots. During the course of the experiment the
rhizomes remained below ground and no dead tips were discernible. The
cultures yielded very little new top growth during the periods between
defoliations.
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